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Increased �-synuclein gene (SNCA) dosage due to locus multipli-
cation causes autosomal dominant Parkinson’s disease (PD). Vari-
ation in SNCA expression may be critical in common, genetically
complex PD but the underlying regulatory mechanism is unknown.
We show that SNCA and the heme metabolism genes ALAS2, FECH,
and BLVRB form a block of tightly correlated gene expression in 113
samples of human blood, where SNCA naturally abounds (vali-
dated P � 1.6 � 10�11, 1.8 � 10�10, and 6.6 � 10�5). Genetic
complementation analysis revealed that these four genes are
co-induced by the transcription factor GATA-1. GATA-1 specifically
occupies a conserved region within SNCA intron-1 and directly
induces a 6.9-fold increase in �-synuclein. Endogenous GATA-2 is
highly expressed in substantia nigra vulnerable to PD, occupies
intron-1, and modulates SNCA expression in dopaminergic cells.
This critical link between GATA factors and SNCA may enable
therapies designed to lower �-synuclein production.

�-synuclein dosage � GATA-1 � GATA-2 � gene expression � microarray

Dosage of �-synuclein appears to be central to the pathogenesis
of both rare familial and common sporadic forms of human

Parkinson’s disease (PD) (1–3). Inclusions of �-synuclein (4, 5),
together with loss of dopamine neurons and elevated iron levels in
the substantia nigra (6) are pathologic hallmarks of the disease. In
patients with PD due to a duplication or triplication of the SNCA
locus, copies of functionally normal SNCA message and protein in
brain and blood are increased by 50–100% (3, 7). Although small,
over years, this increase is sufficient to bring death to a majority of
vulnerable dopamine neurons. Even in sporadic PD, �3% of
individuals carry a SNCA promoter variant, which confers suscep-
tibility to PD possibly by increasing SNCA expression (2, 8). Toxic
effects of wild-type SNCA overexpression are seen in human
dopaminergic cells (9) and model organisms (reviewed in ref. 4).

The transcriptional mechanisms regulating the cellular con-
centration of SNCA copies may thus hold a key for understand-
ing PD pathobiology and for developing therapeutics designed to
keep �-synuclein levels within normal range. Whereas cis-acting
variation (such as copy number variations and promoter poly-
morphisms) may explain up to 25–35% of interindividual dif-
ferences in gene expression (10), heritable gene expression
differences from trans-acting mechanisms appear to be quanti-
tatively more important (10).

Although PD symptoms reflect preferential neuronal death,
molecular changes in dopamine metabolism and other biologic
processes are detected in blood cells (references in ref. 11). SNCA
has been initially characterized as ‘‘expressed only in nervous
system tissue, not in . . . muscle, liver, spleen, heart, or kidney’’ (12),
although select reports have detected �-synuclein in plasma (13)
and platelets (14). We observed surprisingly high levels of SNCA in
human red blood cells. This dramatic and tissue-specific expression
of SNCA in hematopoietic cells and neuronal cells suggested to us
that these two cell types may share a common mechanism activating
SNCA transcription.

Results
SNCA mRNA and Protein Are Highly Abundant in Human and Mouse
Erythroid Cells. Relative SNCA mRNA abundance was determined
by comparing the SNCA mRNA abundance in each target tissue to
the calibrator Universal Human Reference RNA (Fig. 1A). SNCA
mRNA abundance was high in whole blood from human donors
(relative abundance 10 {range 6.6–15.3}) with very high levels in
packed red blood cells (33.8 {25.2–45.5}). SNCA mRNA abun-
dance in peripheral blood mononuclear white cells (PBMC) (0.9
{0.7–1.3}), as well as in two brain regions vulnerable to PD
pathology, human frontal cortex and substantia nigra, was compa-
rably low (3.7 {3.3–4.1} and 2.6 {1.7–3.9}, respectively). mRNA
extracted from packed red blood cells is derived from reticulocytes,
immature red blood cells originating from transferrin receptor
(CD71)-positive early erythroid cells in the bone marrow (15).
Consistently, SNCA mRNA levels were exceedingly high in immu-
nopurified CD71� cells from human bone marrow (relative abun-
dance of 9.2 {8.8–9.6}). High SNCA mRNA levels in erythroid cells
were confirmed when GAPDH instead of the ribosomal gene
RPL13 was used to control for input RNA (data not shown).

Characterization of �-synuclein protein abundance (Fig. 1B)
revealed that the relative concentration of detectable �-synuclein as
a constituent of total protein in whole human blood was 0.012 �
0.003% by sensitive sandwich ELISA (16). �-Synuclein was specif-
ically detected in mouse and human whole blood by Western blot
analysis (Fig. 1C) and ELISA (Fig. 1D). �-Synuclein was particu-
larly abundant in cellular blood compartments, packed red blood
cells, and whole blood (Fig. 1D). Importantly, progressive expres-
sion of Snca was detected in a model system of terminal erythroid
differentiation, erythroblasts of Friend virus-infected mice (Fig.
1E). �-Synuclein immunoreactivity was also found in erythroblasts
in human bone marrow (Fig. 1 F–J). Collectively, these data
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unequivocally demonstrate that SNCA is abundantly expressed
during different steps of erythropoiesis.

Expression of SNCA and Three Heme Metabolism Genes Is Tightly
Correlated. We hypothesized that transcripts whose levels are tightly
correlated represent a transcriptionally controlled expression block.
To test this hypothesis we correlated the expression of the query
gene SNCA with the expression of the 14,500 genes assayed by
22,283 probe sets in an established dataset from blood specimens
of 22 control individuals [Fig. 2 A and B and supporting information
(SI) Methods] (11). The expression of 35 genes was tightly corre-
lated with SNCA expression (Spearman’s rank correlation coeffi-
cient �0.81; see SI Methods, Fig. S1, and Tables S1 and S2).
Importantly, three of the coexpressed genes, 5-aminolevulinate
synthase 2 (ALAS2; R � 0.80–0.85; P � 4.4 � 10�7; Fig. 2 A and
B), ferrochelatase (FECH, R � 0.84–0.91, P � 4.7 � 10�7), and
biliverdin reductase B (BLVRB; R � 0.74–0.89, P � 1.6 � 10�6),
encode critical steps in heme metabolism. These correlations were
significant after conservative Bonferroni-correction for multiple

testing of 22,283 probe sets with P � 0.05. Beyond searching for
genes specifically correlated with SNCA expression, we generally
examined the frequency of strong correlations in expression (R �
0.81) for all possible combinations of any two probe sets. Only
0.0036% of all unique combinations met this threshold (data not
shown).

Coexpression of SNCA and Three Heme Metabolism Genes in Two
Independent Populations Assayed on Three Platforms. If the coex-
pression of ALAS2, FECH, and BLVRB with SNCA is a robust and
biologically relevant finding, it should be a universal signature in
human blood. We therefore precisely validated the coexpression in
three validation datasets comprising a total of 89 healthy individuals
without multiple testing of other probe sets.

The first validation set (17) (Fig. 2C) of 14 healthy volunteers
probed by a total of eight probes for SNCA, ALAS2, FECH, and
BLVRB (four probes for SNCA, two for FECH) on HG-U133A
Affymetrix oligonucleotide microarrays. This validation study con-
firmed that expression levels of ALAS2, FECH, and BLVRB were
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Fig. 1. SNCA mRNA and protein is abundantly expressed in human and mouse erythroid cells. (A) SNCA mRNA was quantified by quantitative PCR using the
ribosomal gene RPL13 as reference and Human Universal Reference RNA (UR) as calibrator. Relative SNCA mRNA abundance was high in whole blood of human
donors without neurologic disease (relative abundance 10 {range 6.6–15.3}) and in immunopurified CD71� erythroid cells (9.2 {8.8–9.6}), and also very high in
packed red blood cells (PRBC) (33.8 {25.2–45.5}) after removal of plasma and buffy coat containing white blood cells and platelets. Relative SNCA mRNA
abundance in peripheral blood mononuclear white cells (PBMC) (0.9 {0.7–1.3}), as well as in two brain regions vulnerable to PD pathology, human frontal cortex
(FC) and substantia nigra (SN), was low (3.7 {3.3–4.1} and 2.6 {1.7–3.9}, respectively). (B–D) Detailed characterization of �-synuclein protein abundance revealed
high levels in cell lysates of whole blood from 14 healthy humans by sandwich ELISA (B) and mice by Western blot analysis (C). (C) Wild-type, full-length murine
�-synuclein was found in lysates of whole blood of wild-type mice (right) in the form of monomers (16 kDa) and dimers (32 kDa) and was absent in Snca knockout
mice (left). Western blot analysis with anti-Dj-1 antibodies is shown as loading control. *, abundant, nonspecific, �50-kDa band due to cross-reactivity of the
secondary anti-mouse antibody with mouse antigen. (D) �-Synuclein was particularly abundant in the cellular blood compartments, PRBC, and whole blood by
sandwich ELISA (16). �-Synuclein concentrations measured 15.0 � 0.9 pg/�l in fresh serum, 45.0 � 1.4 pg/�l in fresh plasma, and 24.16 � 1.7 ng/�l in whole blood
lysates and PRBC. (E) SNCA mRNA was strongly and progressively expressed in a model system of terminal erythroid differentiation by Northern blot analysis.
Transformed erythroblasts were harvested after 0, 8, 16, 24, 32, 40, and 48 h. (F–J) Erythroblasts (arrows) in human bone marrow smears (F) (H&E stain) show
strong �-synuclein-immunoreactivity with monoclonal antibody Syn-1 (G) and rabbit-based, affinity-purified hSA-2 (I). (H) In the absence of primary antibody,
no �-synuclein-immunoreactivity is detected. (J) �-Synuclein-immunoreactivity is also detected in megakaryocytes by Syn-1 (arrowhead) but not in myeloid cells
(double arrow).
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highly and significantly correlated with SNCA (P � 0.001, 0.0004,
and 0.005 for select ALAS2, FECH, and BLVRB probes, respec-
tively; Fig. S1 and Table S3).

To examine whether this block of coexpressed genes is indepen-
dent of the microarray platform, we analyzed a human blood gene
expression dataset derived from the same subjects but assayed by
four oligonucleotide probes for SNCA, ALAS2, FECH, and BLVRB
spotted on GE Healthcare CodeLink Uniset 20K arrays. In this
second validation set (17) (Fig. 2D), a high and significant corre-
lation for ALAS2 and FECH, with SNCA expression levels was
replicated (P � 0.02 and 0.009, respectively; Fig. S1 and Table S3)
thus confirming the correlation on a different platform. On the
CodeLink arrays, the correlation between SNCA and BLVRB
signals did not reach significance, likely due to an inefficient
BLVRB probe on the CodeLink Uniset 20K arrays (P � 0.07).

Next, we analyzed a third, independent dataset (Fig. 2E) of blood
samples from a large and diverse group of healthy humans (18). In
this dataset, 77 RNA samples of cellular whole blood from 75
individuals were analyzed by cDNA microarrays spotting six cDNA
probes, representing the four target genes (two probes for FECH
and two probes for ALAS2). Consistent with our previous results,
there was a strong and significant correlation between SNCA and
ALAS2, FECH, and BLVRB expression levels (P � 1.6 � 10�11,
1.8 � 10�10, and 6.6 � 10�5 for ALAS2, FECHb, and BLVRB,
respectively; Fig. S1 and Table S3).

Collectively, these four independent studies showed that varia-
tion in FECH, ALAS2, BLVRB, and SNCA expression is tightly and
significantly linked—independent of sample collection, study pop-
ulation, and array platform.

Hematopoietic Transcription Factor GATA-1 Activates Snca Transcrip-
tion in Erythroid Precursor Cells. It is plausible that the SNCA,
ALAS2, FECH, and BLVRB coexpression block is coordinately
transcribed. The transcription factors regulating SNCA and
BLVRB are unknown. However, insights gained over the past
decades about the transcriptional regulation of ALAS2 and
FECH offered a critical clue. ALAS2 expression is activated by
the hematopoietic transcription factor GATA-1 (19, 20), and
the FECH gene contains GATA-1 binding sites (21). Thus,
GATA-1 represented a prime candidate for a trans-acting
factor coordinating this expression block. To test this, we
conducted genetic complementation analysis in GATA-1-null
erythroid precursor cells (G1E-ER-GATA-1) stably express-
ing an estrogen receptor ligand binding domain fused to
GATA-1 (ER-GATA-1). In this system, �-estradiol-mediated

activation of ER-GATA-1 induces a gene expression program
that recapitulates a normal window of erythropoiesis (22). This
is a powerful system for identifying GATA-1 target genes (22,
23). G1E-ER-GATA-1 cells were treated with 1 �M �-estra-
diol for up to 40 h. The relative levels of murine Snca, Alas2,
Fech, and BlvrB mRNA were normalized to Gapdh mRNA and
quantified by real-time PCR (Fig. 3A). Snca, Alas2, Fech, and
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Fig. 2. Expression of SNCA and heme metabolism
genes ALAS2, FECH, and BLVRB is tightly and signifi-
cantly correlated in human blood in four datasets. (A)
Scatterplots of SNCAa and ALAS2, FECHb, and BLVRB
expression are shown, respectively. SNCA expression
measured by two distinct SNCA probes is plotted for
comparison (rightmost plot). (B–E) Heatmaps visualize
the P-value of the pairwise Spearman rank correlation
between expression of SNCA (columns) and expression
of SNCA, ALAS2, FECH, and BLVRB (rows) in four data-
sets. Correlations are shown as black (P � 0.005), dark
gray (P � 0.01), or light gray cells (P � 0.05). Nonsig-
nificant correlations are represented as white cells.
Probe-level correlations are shown for four distinct
SNCA probes in B and C and two FECH probes in B, C,
and E. (B) P-values of the correlations of SNCA and
ALAS2, FECH, and BLVRB expression in the discovery
set. These remain significant after Bonferroni correc-
tion. (C–E) Coexpression of SNCA with BLVRB was ro-
bustly replicated in two and coexpression of SNCA with
ALAS2 and FECH in three validation studies comprising two independent populations of 14 and 77 control individuals and three different array platforms (C,
Affymetrix; D, CodeLink; E, cDNA array). Correlations with P � 0.05 (black and gray cells) are significant in the validation sets. Probe SNCAb is inefficient. See the
main text and SI Methods for details.
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�-Synuclein concentration (pg/�l) is increased 6.9-fold in lysates of estradiol-
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BlvrB messages were co-induced by GATA-1. GATA-1 in-
duced a 62-fold increase in Snca mRNA copy numbers at 40 h
compared with uninduced cells. GATA-1 induced a 27-fold
increase in BlvrB, a 14-fold increase in Fech, and a 6,687-fold
increase in Alas2 mRNA levels. Consistent with a highly
specific regulation of these genes by GATA-1, transcription of
BlvrA, the paralog of BlvrB, and Sncb (encoding �-synuclein)
the paralog of Snca, were not activated (data not shown).
Western blot analysis indicated that induction of Snca mRNA
by GATA-1 was accompanied by an increase in �-synuclein protein
(Fig. 3B). Quantification by ELISA indicated that GATA-1 induced
a 6.9-fold increase in �-synuclein concentration relative to unin-
duced cells (Fig. 3C; mean � standard deviation, 2,042.7 � 467.5
and 295.6 � 90 pg/�l, respectively).

GATA-1 Specifically Occupies a Highly Restricted Region Within In-
tron-1 of Snca. To investigate whether GATA-1 directly activates
Snca transcription, we examined the distribution of conserved
GATA motifs at and surrounding the murine Snca locus (Fig. 4A).
Ten conserved GATA motifs exist in the Snca locus (Fig. 4B). Each
of these motifs would bind GATA-1 with high affinity in vitro, based
on the established DNA binding specificity of GATA-1 (24, 25).
However, high affinity GATA motifs are abundantly distributed
throughout genomes, and the mere presence of a conserved GATA
motif does not imply functional significance (26). Functional in-
sights can be derived from evaluating evolutionary conservation of
GATA motifs (Fig. 4), but even a conserved motif does not equate
to a functional motif (23, 26–30).

The Snca gene consists of six exons (Fig. 4A) (31) with the
translation start codon ATG encoded by exon-2. Intron-1 is
1,097 bp in size (31). To determine whether the GATA motifs
in Snca were occupied by GATA-1, we conducted quantitative
chromatin immunoprecipitation analysis (ChIP) in G1E-ER-
GATA-1 cells. Analysis of 10 regions spanning all of the
predicted and evolutionary conserved GATA motifs revealed
that ER-GATA-1 occupied a single, highly restricted region
within intron-1 of Snca (Fig. 4C). Although the mouse 2.0-kb
Snca promoter region does not contain conserved GATA sites,
it contains three and four nonconserved GATA motifs at �0.4
kb and �1.5 kb, respectively (Fig. 4C). No significant occu-
pancy was detected at these sites. Thus, GATA-1 selects
exquisitely among the 10 conserved GATA motifs within the
Snca locus, which strongly suggests that GATA-1 activates
Snca transcription via interaction with the intron-1 site.

GATA-2 Is Abundantly Expressed in Dopamine Cells and Brain Regions
Affected by PD, Occupies Intron-1 of Snca, and Regulates Expression
of Endogenous Neuronal �-Synuclein. The GATA family members
GATA-1 and GATA-2 have overlapping activities in the control of
embryonic erythropoiesis (33). In the absence of GATA-1,
GATA-2 is up-regulated during erythropoiesis but does not pro-
mote erythropoiesis (34). Whereas GATA-1 is not expressed in
neurons, GATA-2 is critical in neuronal development, particularly
in cell fate specification of catecholaminergic sympathetic neurons
(35, 36). In knockout mice, neurogenesis is severely impaired (37).
In Caenorhabditis elegans, the GATA homolog elt-1 has a key role
in regulating mature differentiated neurons in the locomotor circuit
(38). To determine whether GATA-2 may be transcribed in human
substantia nigra and cortex, two brain regions preferentially af-
fected by PD, we performed quantitative PCR in human postmor-
tem brain (Fig. 5A). GATA2 mRNA levels were high in these
regions (61% and 62%, respectively, of its abundance in the
calibrator CD71� erythroblasts). This was confirmed at the level of
GATA-2 protein expression (data not shown). In dopaminergic
SH-SY5Y neuroblastoma cells, GATA2 mRNA abundance was
exceedingly high (Fig. 5B; 4,500% of the abundance in the calibra-
tor). As expected, GATA-1 was highly expressed in erythroid cells
but undetectable in brain and neuroblastoma cells (Fig. 5 A and B).

As GATA-2 precedes GATA-1 at certain chromatin sites during
hematopoiesis (26), we asked whether GATA-2 occupies the same
conserved GATA-binding motif in intron-1 of the Snca gene in the
absence of GATA-1. We measured endogenous GATA-2 occu-
pancy in uninduced G1E-ER-GATA-1 cells. In the absence of
GATA-1, endogenous GATA-2 specifically occupied the con-
served GATA-binding motif in intron-1 of the Snca locus (Fig. S3).
Analogous to our findings for GATA-1, none of the other nine
conserved GATA motifs in the SNCA locus and neither of the two
unconserved GATA motifs in the Snca promoter region were
occupied by GATA-2.

To examine the mechanistic role of neuronal GATA-2 on SNCA
expression, we knocked down endogenous GATA-2 using GATA2
small interfering RNA (siRNA) in dopaminergic SH-SY5Y neu-
roblastoma cells (Fig. 5 and Fig. S4). Quantitative PCR showed a
dose-dependent reduction of GATA2 mRNA abundance after
transfection with 1–160 nM GATA2 siRNA (Fig. S4) with maximal
silencing achieved at 160 nM GATA2 siRNA. Transfection with 80
nM GATA2 siRNA reliably knocked down GATA2 mRNA abun-
dance to 40% of the abundance in cells transfected with negative
control siRNA (Fig. S4). Similar results were obtained when
GAPDH instead of the ribosomal gene RPL13 was used to control
for RNA loading and when the experiment was repeated at 160 nM
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Fig. 4. GATA-1 occupies a highly restricted region
within intron-1 of Snca. (A) The organization of the
murine Snca locus with respect to neighboring genes
on chromosome 6 is shown at the top. (B) VISTA plot
(49) of a �100-kb region of the Snca locus showing
percentage identity of the human and mouse se-
quences. Ten GATA motifs in the Snca locus are evolu-
tionary conserved between mice and humans (WGA-
TAR, indicated by vertical lines). Coordinates are based
on the predicted Snca transcription start site, which
was designated as 1. Although the mouse 2.0-kb Snca
promoter region does not contain conserved GATA
sites, it contains three and four nonconserved GATA
motifs at �0.4 and �1.5 kb of the mouse Snca pro-
moter region, respectively (indicated by vertical lines
with *). (C) Analysis of the 10 conserved and the two
nonconserved GATA motifs by ChlP revealed that ER-
GATA-1 occupied a single, highly restricted region
within intron-1 of Snca (indicted by ***). The bar
graphs depict relative ER-GATA-1 occupancy in G1E-ER-GATA-1 cells at each of the 12 sites (mean � standard error, at least three independent experiments) in
untreated and 1 �M �-estradiol-treated (24 h) G1E-ER-GATA-1 cells measured by ChIP analysis. No GATA-1 occupancy was detected at the other nine conserved
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(data not shown). Consistently, GATA-2 protein levels, determined
by Western blot using a well characterized, specific anti-GATA-2
antibody were substantially reduced after transfection with 80 nM
GATA2 siRNA (Fig. S4) or 160 nM GATA2 siRNA (data not
shown). GATA-2 levels in cells transfected with 80 nM negative
control siRNA (Fig. S4) or 160 nM negative control siRNA (data
not shown) were unchanged compared with untransfected cells.
Silencing of neuronal GATA-2 repressed neuronal expression of
both SNCA mRNA and �-synuclein protein with 28% reduction in
relative SNCA mRNA abundance (Fig. 5C; P � 0.008) and 46%
reduction in �-synuclein concentration compared with cells trans-
fected with negative control siRNA (Fig. 5D; P � 0.01). Transcript
levels of the neuronal marker gene neurofilament light polypeptide
68 kDa (NEFL) were unaffected by silencing of neuronal GATA-2.

Collectively, the specific occupancy of the conserved GATA-
binding motif in intron-1 of the Snca gene by GATA-2, the
repression of SNCA expression resulting from silencing of GATA-2
in dopamine cells, and the preferential expression of GATA-2 in
dopamine cells and postmortem substantia nigra, suggest that in
dopaminergic cells relevant to PD, SNCA expression is regulated by
GATA-2 via occupancy at the intron-1 site.

Discussion
We have used genome-wide expression analysis to uncover a block
of transcripts nonrandomly correlated with SNCA expression. By
stably linking expression of SNCA to a known GATA-1 target gene
in situ and genetic complementation analysis we identified a tran-
scription factor of SNCA, the gene central to the pathobiology of
PD. This approach allows hypotheses on transcriptional regulators
to be generated and tested, not in vitro or in animal models (39), but
in living humans.

Integrating Blood Expression and Genetic Complementation Analysis.
The identification of bona fide transcription factors of target genes
of interest has been curtailed by the limitations of in vitro tran-
scriptional assays. Vast amounts of information on transcriptional
regulation are captured in rapidly expanding human datasets, but
the underlying mechanism cannot be established (39). Here, we
developed a method based on simple Spearman’s rank correlation
that uses the patterns of gene expression in human blood to identify
a candidate transcription factor whose mechanistic role is con-
firmed by genetic analyses in cultured cells.

Trans-Acting Mechanism Causing Variation in SNCA mRNA Copy Num-
bers. The transcription factors directly controlling SNCA expression
are unknown. They may provide important insight into PD patho-
biology and for developing therapeutic strategies designed to lower
�-synuclein production. We found a critical link between GATA
factors and trans-activation of SNCA expression. Gene expression
analysis across 113 human blood samples from three independent
populations on three distinct assay platforms showed that variation
in SNCA transcript levels was tightly correlated with variation in the
known GATA-1 target gene ALAS2 (Fig. 2). One specific site—in
intron-1—of 10 conserved GATA-binding motifs in SNCA was
directly occupied by GATA-1 (Fig. 4). The formation of a DNA-
chromatin complex containing induced ER-GATA-1 and Snca
intron-1 and the responsiveness of SNCA expression to GATA-1
was established by genetic complementation analysis (Fig. 3). In the
absence of GATA-1, endogenous GATA-2, naturally expressed in
human dopamine-producing cells and in substantia nigra, directly
and specifically occupied the same GATA binding motif in intron-1
(Fig. S3). GATA-1 induced a 62-fold increase in Snca mRNA and
a 6.9-fold increase in �-synuclein (Fig. 3). Silencing of endogenous
neuronal GATA-2 induced a highly significant 28% decrease in
SNCA mRNA and 46% decrease in �-synuclein in dopaminergic
cells (Fig. 5).

Whereas classical studies on transcriptional mechanisms focused
on analyzing how transcription factors function through promoter
regions of genes, it is now well appreciated that common modes of
transcriptional control require transcription factor interactions with
far upstream, downstream, and intronic sequences (26). Strong
precedence exists that such complexes encounter the promoter
region through the formation of higher-order chromatin loops (40).
For example, at the Gata2 locus, GATA-2 confers an important
activating function through an intron 9,500 bp downstream of the
promoter (28), and chromosome conformation capture analysis
indicates that this region resides in close proximity to a �77-kb far
upstream regulatory element (28). Examples of GATA-1 function
through introns include intron 8 of the ALAS2 gene (20), intron 7
of the Tac2 gene (41), intron 1 of the Smad7 gene (42), and intron
3 of the Wilms Tumor 1 gene (43).

Despite these uniquely important insights, our understanding of
the transcriptional regulation of SNCA expression is incomplete
due in part to the difficulty of demonstrating GATA-2-induced
SNCA activation in mammalian brain (loss of GATA-2 leads to
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Fig. 5. Silencing of endogenous neuronal GATA-2
represses the expression of SNCA mRNA and
�-synuclein protein in dopaminergic cells. (A) GATA2
mRNA is highly expressed in postmortem substantia
nigra and superior frontal cortex (total n � 9; 61% and
62%, respectively, of its abundance in the calibrator
CD71� erythroblasts). (B) In dopaminergic SH-SY5Y
neuroblastoma cells, GATA2 mRNA abundance was
exceedingly high (4,500% of the abundance in the
calibrator). GATA-1 was highly expressed in erythroid
cells but undetectable in human brain and neuroblas-
toma cells (A and B). Note the log scales. (C and D)
Silencing of neuronal GATA-2 induced a decrease in
neuronal expression of both SNCA mRNA and
�-synuclein protein. (C) Silencing of neuronal GATA-2
induced a 28% reduction in relative SNCA mRNA abun-
dance compared with cells transfected with negative
control siRNA (P � 0.008). Transcript levels of the
neuronal control gene neurofilament light polypep-
tide 68 kDa (NEFL) were unaltered. (D) Silencing of
neuronal GATA-2 induced a 46% reduction in
�-synuclein protein concentration compared with cells
transfected with negative control siRNA by ELISA (P �
0.01; mean and standard deviation of three indepen-
dent experiments).
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embryonic lethality in knockout mice (33)). In addition, other
factors may modulate the transcriptional regulation of SNCA in
concert with GATA-2 (44).

�-Synuclein, Erythroid Cells, and Heme Synthesis. Our study also
reveals a clue into the elusive normal biological role of �-synuclein.
We demonstrated the dramatic expression of SNCA during termi-
nal steps of erythroid differentiation (Fig. 1). In human and mouse
erythroid cells abundant expression of SNCA mRNA and protein
was confirmed by microarray, quantitative PCR, Western blot
analysis, ELISA, and immunohistochemistry (Figs. 1 and 2). These
results, together with recent reports (45, 46), clearly indicate a role
for SNCA during important steps of erythropoiesis. Unexpectedly,
within erythroid cells, SNCA was strongly coexpressed and coin-
duced with critical enzymes of heme metabolism, ALAS2, FECH,
and BLVRB (Fig. 2). Heme, an iron molecule coordinated within
a tetrapyrrole, has unique properties that allow it to function both
as an electron carrier and oxygen transporter. Almost all iron in the
adult human body is bound to heme (47). ALAS2, a previously
identified GATA-1 target gene (19, 20) catalyzes a rate-limiting
step in heme production. FECH (here identified as GATA-1-
activated gene) catalyzes the final step of heme biosynthesis, which
inserts iron into protoporphyrin IX. The transcriptional coregula-
tion may be fine-tuned at the level of protein translation through
iron-responsive elements predicted in the 5� untranslated region of

ALAS2 mRNA and SNCA mRNA (48). Collectively, these obser-
vations lead us to hypothesize that heme metabolism may be a
missing link between two unreconciled, alleged culprits of PD,
�-synuclein aggregation (4) and iron deposition (6).

In summary, by linking the expression of SNCA and a known
GATA-1 target gene in humans and by correlating the specific
occupancy of a highly conserved GATA binding motif in intron-1
with genetic complementation analysis, we established the first
mechanistic link between the GATA family of transcription factors
and SNCA expression. Elucidating the precise regulation of SNCA
expression will be critical for understanding PD pathobiology and
for devising novel therapeutics designed to lower �-synuclein
burden in patients with PD.

Materials and Methods
A detailed description of biospecimens, GEO accession numbers, bioinformatics,
ChIP, quantitative PCR, Northern and Western blot analysis, ELISA, immunohis-
tochemistry, and siRNA methods can be found in SI Methods.
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